Sonic hedgehog (Shh) signaling is required for the growth and patterning of many tissues in vertebrate embryos, but important aspects of the Shh signal transduction pathway are poorly understood. For example, the vesicle transport protein Rab23 is a cell autonomous negative regulator of Shh signaling, but the process affected by Rab23 has not been defined. Here, we demonstrate that Rab23 acts upstream of Gli transcription factors in patterning neural cell types in the spinal cord. Double mutant analysis indicates that the primary target of Rab23 is the Gli2 activator and that Rab23 and Gli3 repressor have additive effects on patterning. Analysis of Gli3 protein suggests that Rab23 also has a role in promoting the production of Gli3 repressor. Although the membrane proteins Patched and Smoothened change subcellular localization in response to Shh, double mutant analysis demonstrates that Rab23 does not work through either Patched or Smoothened. Instead, Rab23 appears to regulate subcellular localization of essential components of the Hedgehog pathway that act downstream of Smoothened and upstream of Gli proteins. D
Introduction
Mammalian genomes encode approximately 60 members of the Rab family of small GTPases, which control trafficking of vesicles and membrane-associated proteins within the cell (Segev, 2001) . Some Rab proteins, such as Rab5, Rab6, and Rab7, control vesicle movements between specific intracellular compartments in most cell types (Bucci et al., 1992; Feng et al., 1995; Martinez et al., 1994) . Other Rabs have specialized roles in particular cell types. For example, Rab3A and Rab27A are required specifically in neurons, melanocytes, and pancreatic h-cells for trafficking of synaptic vesicles, melanosomes, and insulin-containing vesicles (Geppert et al., 1994; Hume et al., 2001; Regazzi et al., 1996; Yi et al., 2002) .
Rabs have been shown to play important roles in intercellular signaling by controlling ligand secretion and internalization of ligand-bound receptors (Entchev et al., 2000; Lanzetti et al., 2000) . In addition, Rabs may act at more downstream steps in signal transduction. For example, Rab5 helps mediate cellular responses downstream of the EGF receptor by controlling the subcellular localization of the APPL signal transduction proteins (Miaczynska et al., 2004) and mediating regulation of the actin cytoskeleton (Lanzetti et al., 2004) .
We previously found that Rab23 is a cell autonomous negative regulator of the mouse Shh signaling pathway that acts downstream of the Shh ligand (Eggenschwiler and Anderson, 2000; Eggenschwiler et al., 2001) . During development of the mouse spinal cord, Shh is necessary for the specification of ventral neural cell fates, including motor neurons, several classes of interneurons, and the floor plate (Chiang et al., 1996; Litingtung and Chiang, 2000) . In open brain mouse mutants, which lack Rab23, too many neural progenitors adopt ventral fates as a result of inappropriate activation of the Hedgehog (Hh) signaling pathway (Eggenschwiler et al., 2001) . Given that all Rab proteins studied so far function in some aspect of vesicular trafficking and that Rab23 protein has all of the structural hallmarks of this family, Rab23 is likely to regulate trafficking of vesicle-associated Hh signaling components. Consistent with this, epitope-tagged versions of Rab23 localize to the plasma membrane and endosomes and membrane association of the protein appears to be required for its function (Evans et al., 2003; J.T.E., J.Q. and K.V.A., unpublished) . However, it is not known which signaling components Rab23 regulates, where those components are normally localized, or how localization may affect their function.
There are several possible targets for a Rab protein in the known Hh signal transduction pathway. Two integral membrane proteins, Patched and Smoothened, are essential components of the Hh signaling pathway in both Drosophila and vertebrates (Alcedo et al., 1996; Chen and Struhl, 1996; Goodrich et al., 1997; Marigo et al., 1996; Zhang et al., 2001 ). In the absence of Hh, Patched (Ptch) represses the signaling pathway. Binding of Hh to Ptch alleviates this repression, causing activation of the pathway through a second transmembrane protein, Smoothened (Smo) . Both Patched and Smoothened proteins are redistributed upon exposure to Hh ligands. In Drosophila, stimulation by Hh causes plasma membraneassociated Ptch to be internalized and causes Smo to accumulate at the cell surface (Denef et al., 2000; Zhu et al., 2003) . Forced localization of Drosophila Smo to the plasma membrane activates downstream signaling, arguing that regulated translocation of Smo to the membrane controls its activity (Zhu et al., 2003) . In mammalian cells, overexpressed Ptch and Smo proteins colocalize at the cell surface and stimulation by Shh causes both proteins to be internalized and targeted to the late endosomal pathway (Incardona et al., 2002) .
Other proteins that act downstream of Smo may also change their subcellular localization in response to signaling. For example, the Drosophila Costal2 -Fused -Suppressor of fused -Ci (Cos2 -Fu -Sufu -Ci) complex dissociates from microtubules in response to the Hh signal (Robbins et al., 1997) . Cos2 can associate with both the membrane protein Smo (Jia et al., 2003; Lum et al., 2003; Ogden et al., 2003; Ruel et al., 2003) , and with vesicular and plasma membranes through a separate protein domain (Stegman et al., 2004) . Mouse intraflagellar transport proteins (IFTs) are required for Hh signaling at a step downstream of Ptch (Huangfu et al., 2003) and may control subcellular localization of components required for the cytoplasmic signaling pathway. Proteolytic processing of Drosophila Ci and vertebrate Gli3 into lower molecular weight transcriptional repressors (Methot and Basler, 1999; Motoyama et al., 2003; Persson et al., 2002; Wang and Holmgren, 1999; Wang et al., 2000) could also occur in a localized cytoplasmic compartment.
In this study, we demonstrate that Rab23 activity regulates the activity of both transcription factors that mediate Shh signaling in the spinal cord, Gli2 and Gli3, and that its primary action is to prevent Gli2 activation in the absence of Shh ligand. We also demonstrate that Rab23 does not regulate Shh signaling by controlling the subcellular localization of Ptch or Smo. Instead, Rab23 regulates a step in the cytoplasmic signal transduction pathway that mediates the effect of Smo on Gli protein activation.
Materials and methods

Mice
Rab23
opb2 is a nonsense mutation at residue 80, which appears to generate a null allele (Eggenschwiler et al., 2001) . Gli2 tm1Alj /+ mice were genotyped as described (Mo et al., 1997) . Because Rab23 and Gli2 are separated by¨45 cM on mouse chromosome 1, recombinant chromosomes were obtained carrying both mutations. As a result, doubly homozygous embryos should be recovered from crosses between double heterozygotes at a frequency of¨1/13. Gli3
Xt/J /+ mice were obtained from Jackson Laboratories and genotyped as described (Litingtung and Chiang, 2000) . A null allele of Smoothened, Smo tm1Amc , was genotyped as described (Zhang et al., 2001 ). All alleles were bred onto a C3H genetic background for at least two generations. All double mutants were obtained from intercrosses between double heterozygous animals. Littermates were used as wild-type controls.
Immunohistochemistry and in situ hybridization
Immunostaining of transverse sections was performed as described (Eggenschwiler and Anderson, 2000) using the following antibodies: a-Pax7, a-Pax6, a-HB9/MNR2, a-Nkx2.2, a-FoxA2, a-Shh (PAX7, PAX6, 81.5C10, 74.5A5, 4C7, and 5E1 developed by Drs. A. Kawakami, T. Jessell, and S. Brenner-Morton and obtained through the Developmental Studies Hybridoma Bank). In situ hybridization of embryo sections was performed as described (Schaeren-Wiemers and Gerfin-Moser, 1993) using a probe directed against mouse Dbx1 (generous gift from Dr. G. Fishell).
Gli3 protein analysis
Polyclonal anti-mouse Gli3 antibodies were generated in both chickens and rabbits against a recombinant protein, expressed from the pET vector (Novagen) in E. coli, corresponding to amino acid residues 112 -521 of the mouse Gli3 sequence (GenBank accession no. Q61602). Both antibodies were affinity-purified. Whole e9.5 embryos were homogenized in RIPA buffer with protease inhibitors. Extracts were centrifuged to remove insoluble material and then subjected to immunoprecipitation using the rabbit a-mGli3 antibody and protein G-agarose. Precipitates were subjected to Western blotting and Gli3 was detected using the chicken a-mGli3 antibody. Wild-type extracts showed two bands, 83 kDa and 190 kDa, that were absent from Gli3 mutant extracts (data not shown). A portion of the extracts was saved prior to immunoprecipitation for Western analysis with an a-h-actin antibody (Novus Biologicals) to control for total protein subjected to immunoprecitation. Extracts from three Rab23 mutants and four wild-type embryos were analyzed and bands were quantitated using NIH Image software.
Protein kinase A assays
Total protein kinase A activity was assayed by preparing extracts from whole e9.5 embryos as described (Huang et al., 2002) . Assays were performed using a Kemptide-based kit (Trasbio Corp.) with or without the addition of cAMP. Equal amounts of protein (determined by a Bradford assay using a kit from Biorad) were used in the reactions.
Results
Loss of Gli2 suppresses the Rab23 phenotype
Recent data suggest that all Hh signaling the mouse spinal cord is mediated by two Gli transcription factors, Gli2 and Gli3 (Bai et al., 2004; Lei et al., 2004; Motoyama et al., 2003) . Three transcriptional targets of the Hh pathway, Patched1, Gli1, and FoxA2, require Gli binding sites upstream of their promoters for Shh-induced expression (Agren et al., 2004; Dai et al., 1999; Sasaki et al., 1997 ).
All three of these genes are expressed ectopically in the Rab23 mutant neural tube (Eggenschwiler et al., 2001; J.T.E., unpublished) , suggesting that loss of Rab23 could cause inappropriate activation of Gli proteins. It is possible, however, that other factors also regulate expression of these genes. It was therefore important to test whether Rab23 affects Gli activity and, if so, which Gli proteins are regulated by Rab23.
Gli2 is essential for specification of the most ventral cell types in the spinal cord, the floor plate and some of the V3 interneurons that flank the floor plate, and has an important role in the activation of Shh target genes in the neural tube (Matise et al., 1998; Motoyama et al., 2003) . To test the possibility that the Rab23 phenotype is caused by excess Gli2 activity, we examined the phenotype of Rab23À/À Gli2À/À (Rab23 Gli2) double mutants. In contrast to Gli2 mutants, which lack the most ventral neural cell types, those cell types are expanded in the caudal neural tube of Rab23 mutants ( Fig. 1 ; Eggenschwiler et al., 2001) . Spinal cord patterning in the Rab23 Gli2 double mutant was similar to that of Gli2 single mutants ( Fig. 1 ). Like Gli2 single mutants, Rab23 Gli2 double mutants did not express the floor plate markers Shh and FoxA2. Although the Nkx2.2-positive V3 interneuron progenitor domain is expanded in Rab23 mutants, the few V3 progenitors present in Rab23 Gli2 double mutants were positioned in the ventral midline, as in Gli2 single mutants. In contrast to the dorsal expansion of the motor neuron domain in Rab23 single mutants, the motor neuron domain in Rab23 Gli2 double mutants was spread across the ventral midline of the neural tube, as in Gli2 single mutants. In the Rab23 caudal neural tube, dorsal fates marked by Pax7 expression are absent, whereas Pax7 was expressed in the normal dorsal domain in Rab23 Gli2 double mutants. All these findings indicate that the expansion of ventral neural cell types seen in Rab23 mutants is mediated by the Gli2 transcription factor.
In the genetic background we have studied, Rab23 mutants die between embryonic days 12.5 and 13.5 (e12.5 and e13.5), whereas Gli2 mutants usually survive until the end of gestation (Mo et al., 1997) . To test whether loss of Gli2 rescues the embryonic lethality of Rab23 mutants, we crossed Rab23+/ÀGli2+/À mice and allowed the resulting embryos to develop to the end of fetal development (e18.5). In e18.5 litters produced by Rab23 Gli2 double heterozygotes, 4 of 41 embryos were living Rab23À/ÀGli2À/À double mutants (expected = 3.2; see Materials and methods), whereas the Rab23À/ÀGli2+/+ litter mates had died several days previously and were almost completely resorbed. The e18.5 Rab23À/ÀGli2À/À embryos were morphologically similar to Gli2 single mutants (Fig. 2) . All four double mutants were exencephalic, as were several of the Gli2 single mutant embryos, and showed well-developed eyes, in contrast to Rab23 single mutants, which display poor eye development (Gü nther et al., 1994; Kasarskis et al., 1998) . The small size and curvature of the body axis in Rab23 Gli2 mutants were similar to that of Gli2 single mutants. Thus, most aspects of the Rab23 mutant phenotype, including early lethality, abnormal neural patterning, and eye development, depend on Gli2 activity.
We noticed some differences between the Gli2 single mutant and Rab23 Gli2 double mutant phenotypes. Lateral neural cell types, marked by Pax6, were shifted slightly dorsally in the caudal spinal cord of double mutants in comparison with Gli2 single mutants (compare Figs. 1g and  h ). In addition, three of the four e18.5 Rab23 Gli2 double mutants showed cleft lip, which was not observed in the Gli2 mutants (Fig. 2B ), although this may be a more severe manifestation of the cleft palate phenotype described in Gli2 mutants (Mo et al., 1997) . The most striking difference between the double mutants and Gli2 single mutants was that all Rab23 Gli2 double mutant embryos exhibited preaxial polydactyly of all four limbs (data not shown), a phenotype typical of Rab23 but not Gli2 single mutants. These results indicate that some aspects of neural, craniofacial, and limb development caused by loss of Rab23 are not mediated by Gli2 activity.
Gli2 is a dose-dependent suppressor of the Rab23 phenotype
In the course of the double mutant analysis, we discovered that reducing the gene dosage of Gli2 by half partially rescued both early lethality and the neural patterning phenotypes caused by lack of Rab23 (Figs. 2A, 3) . In contrast to Rab23 single mutants, which were resorbed by e18.5, five Rab23À/ÀGli2+/À embryos (out of 41 total recovered) survived until e16.5 -e17.5, based on their size and skeletal development. In the neural tube of e11.5 Rab23À/ÀGli2+/À embryos (n = 4), ventral neural markers were expressed in a nearly wild-type pattern: the floor plate marker Shh was expressed only in the ventral midline and very few Nkx2.2 expressing V3 progenitors were observed outside of their normal ventral domain adjacent to the floor plate. This pattern contrasts with that seen in Rab23À/À single mutant littermates (n = 6), which exhibited a clear expansion of both Shh and Nkx2.2 expression domains (Fig. 3) . The expression patterns of markers of more dorsal cell types in Rab23 mutants were unaffected by lowered Gli2 gene dosage: Pax6, Pax7, and the motor neuron marker HB9 were expressed in similar domains in Rab23À/ÀGli2+/+ and Rab23À/ÀGli2+/À mutants. Thus, reducing the dosage of Gli2 in a Rab23 mutant background specifically rescues patterning of the two ventral cell types most affected in Gli2 homozygotes, V3 progenitors and floor plate cells.
Neural patterning in Rab23 Gli3 double mutants
Although the spinal cord of Gli3 null mutants shows only a subtle ventralization (Persson et al., 2002) , important roles for both Gli3 repressor and Gli3 activator forms in spinal cord patterning have been revealed in double mutants (Bai et al., 2004; Litingtung and Chiang, 2000; Persson et al., 2002) . To investigate the relationship between Rab23 and Gli3, we examined neural patterning in Rab23 Gli3 double mutants (Fig. 4) . In the lumbar neural tube, there was a greater expansion of ventral neural cell types in Rab23 Gli3 double mutants than in Rab23 single mutants. In Rab23 single mutants, floor plate markers (FoxA2 and Shh) are expressed in an expanded ventral domain. Lower levels of FoxA2 are found in an overlapping domain with a marker for V3 interneuron progenitors (Nkx2.2) in the ventral third of the neural tube. In contrast, in Rab23 Gli3 double mutants, cells in Fig. 1 . Neural patterning in Rab23 Gli2 mutants resembles that in Gli2 mutants. Immunofluorescent staining of e10.5 wild-type (a, e, i, m, q), Rab23 mutant (b, f, j, n, r), Gli2 mutant (c, g, k, o, s), and Rab23 Gli2 double mutant (d, h, l, p, t) lumbar neural tube sections for Pax7 (a -d), Pax6 (e -h), HB9 (i -l), Nkx2.2 (m -p), and Shh (q -t). The Rab23 phenotype is characterized by the expanded domain of expression of ventral markers, including the floor plate marker Shh (and FoxA2, data not shown), the V3 progenitor marker Nkx2.2, and the motorneuron marker HB9. In both Gli2 single mutants and Rab23 Gli2 double mutants, Shh was not expressed in the neural tube. The V3 progenitor marker Nkx2.2 was expressed in a small number of cells in the ventral midline of both Gli2 single mutants and Rab23 Gli2 double mutants. There were, in fact, fewer Nkx2.2-expressing cells in the double mutant neural tube (3.1 T 2.3 Nkx2.2+ cells/section, n = 3 embryos) than in the Gli2 neural tube (14.5 T 5.2 Nkx2.2+ cells/section, n = 3 embryos). In both Gli2 and Rab23 Gli2 mutants, the domain of motor neurons expressing HB9 did not spread dorsally and instead extend expanded ventrally across the midline. Expression of the dorsal marker Pax7 was greatly reduced or absent in Rab23 single mutants, whereas it was expressed in the dorsal half of the neural tube of wild-type, Gli2, and Rab23 Gli2 mutants. Although most markers were similarly expressed in Gli2 and Rab23 Gli2 mutants, we did observe a small dorsal shift in the Pax6 expression domain in Rab23 Gli2 mutants compared to the domain in Gli2 mutants. The Rab23 Gli2 and Gli2 mutant patterning phenotypes were similar at all axial levels. Scale bar: 50 Am.
the ventral quarter of the neural tube expressed the floor plate markers FoxA2 and Shh and showed the characteristic single layered columnar morphology of floor plate cells. Nkx2.2 was expressed in Rab23 Gli3 embryos in a lateral domain that did not overlap with the domain of floor plate marker expression. The motor neuron marker HB9 was expressed in a domain dorsal to the Nkx2.2+ domain in Rab23 Gli3 double mutants. In both Rab23 and Rab23 Gli3 embryos, Pax6 was expressed in the dorsal third of the neural tube and the dorsal marker Pax7 failed to be expressed. The increased ventralization of cell fates in Rab23 Gli3 double mutants in comparison to Rab23 indicates that the Gli3 and Rab23 mutations have independent, additive effects on the repression of ventral neural fates.
Regulation of Gli3 processing by Rab23
In another assay of the effect of Rab23 mutants on Gli3 activity, we tested whether loss of Rab23 affected Gli3 processing. In the absence of Shh, Gli3 is proteolytically processed from the full-length 190 kDa form to an 83 kDa form that represses target gene transcription (Persson et al., 2002; Shin et al., 1999; Wang et al., 2000) . Upon exposure to Hh signals, Gli3 cleavage is blocked and full-length Gli3 can accumulate and activate target gene transcription. When protein extracts Fig. 2 . Rab23 Gli2 double mutants survive until the end of gestation. (A) Embryos recovered at e18.5 from Rab23+/ÀGli2+/À intercrosses are shown. Rab23+/+Gli2À/À (b) and Rab23À/À Gli2À/À mutants (c) were smaller than wild type (a) and were exencephalic. Rab23À/ÀGli2+/À embryos (d) were not recovered alive at e18.5, but had survived longer than Rab23À/ÀGli2+/+ mutants, which die between e12.5 and e13.5. (B) Rab23À/ÀGli2À/À embryos (b) displayed a cleft lip (in 3 out of 4 cases), which was not observed in Gli2 single mutants (a). Scale bars: 3 mm in part A, 1 mm in part B. Fig. 3 . The Rab23 neural patterning phenotype is sensitive to Gli2 gene dosage. Immunofluorescent staining of e11.5 Rab23À/ÀGli2+/+ (a, c, e, g, i) and Rab23À/ÀGli2+/À (b, d, f, h, j) mutant lumbar neural tube sections for Pax7 (a, b), Pax6 (c, d), HB9 (e, f), Nkx2.2 (g, h), and Shh (i, j). The floor plate marker Shh (and FoxA2, data not shown) was expressed in the wildtype domain in Rab23À/ÀGli2+/À mutants, in contrast to the expanded domain of expression seen in Rab23À/ÀGli2+/+ mutants. Nkx2.2-expressing V3 interneuron progenitors were largely confined to their normal domain in Rab23À/ÀGli2+/À mutants, whereas a dramatic expansion of such fates was observed in Rab23À/ÀGli2+/+ mutants. Expression of Pax7 and Pax6 and HB9 (markers of dorsal fates, lateral fates, and motor neurons, respectively) was similar in Rab23À/ÀGli2+/+ and Rab23À/ÀGli2+/À embryos. Scale bar: 50 Am.
Fig. 4. Mutations in Gli3 and
Rab23 have additive effects in neural patterning. Pax7 (a -d), Pax6 (e -h), HB9 (i -l), Nkx2.2 (m -p), FoxA2 (q -t), and Shh (u -x) immunofluorescence in the caudal neural tubes of e10.5 wild-type (a, e, i, m, q, u), Gli3 mutant (b, f, j, n, r, v), Rab23 mutant (c, g, k, o, s, w), and Rab23 Gli3 double mutant (d, h, l, p, t, x) embryos. The floor plate markers Shh and FoxA2 were expressed in an expanded domain in Rab23 single mutants that overlapped with the expanded domain of expression of Nkx2.2. In Rab23 Gli3 double mutants, cells in the ventral third of the neural tube expressed the floor plate markers and displayed the floor plate-like columnar morphology of the wild-type floor plate. These cells did not express the V3 progenitor marker Nkx2.2, which was expressed in an adjacent, more dorsal domain. Rab23 Gli3 double mutants, like Rab23 single mutants, expressed little or no Pax7, a marker of dorsal fates, and expressed the lateral marker Pax6 in dorsal domains. At thoracic levels, neural tube patterning of Rab23, Gli3, and Rab23 Gli3 mutants was indistinguishable from that of wildtype embryos (data not shown). Scale bars: 50 Am. from whole e9.5 wild-type embryo extracts were immunoprecipitated and analyzed by Western blotting with an antibody against Gli3, both 83 kDa processed Gli3 and 190 kDa fulllength Gli3 were detected (Fig. 5A) . In whole e9.5 Rab23 mutant embryo extracts, the amount of 83 kDa protein was significantly reduced and the amount of full-length Gli3 increased slightly (Fig. 5A) . Quantitation of the blots (Fig. 5B) revealed that the ratio of the 83 kDa form to the 190 kDa form was approximately 16:1 in wild-type extracts; a similar ratio of processed to full-length Gli3 was observed in mouse limb bud extracts (Wang et al., 2000) . In contrast, the ratio of processed to full-length protein was only 3:1 in Rab23 mutant extracts, a fivefold decrease in the relative amount of repressor form. At this stage (20 -25 somites), Shh is expressed in its normal domain in Rab23 mutants (Eggenschwiler and Anderson, 2000) , so the changes in Gli3 processing are not likely to result from Shh overexpression but rather from the cell autonomous loss of Rab23 function. Because we observed that ventral neural cell types are more expanded in Rab23 Gli3 double mutants than in either single mutant (Fig. 4) , the limited amount of residual Gli3 repressor present in Rab23 mutants still has a significant effect on neural patterning.
Gli processing depends on phosphorylation by protein kinase A (PKA) (Chen et al., 1998; Wang et al., 2000) . We therefore investigated whether the effects of the Rab23 mutation on the balance of Gli3 forms could be the result of a reduction of PKA activity in the embryo. We measured the basal and cAMP-stimulated PKA activity in whole e9.5 wildtype and Rab23 mutant embryos and found no detectable difference between genotypes (Fig. 5C) . Thus, the decreased Gli3 processing in Rab23 mutants is not caused by changes in total cellular PKA activity.
Smoothened is not required for the activity of Rab23
Signaling by Hh ligands causes the redistribution of Patched (Ptch) and Smoothened (Smo) transmembrane proteins between cytoplasmic compartments (Denef et al., 2000; Incardona et al., 2002; Zhu et al., 2003) . Rab proteins control the subcellular localization of membrane-associated proteins through vesicle trafficking, suggesting that they play a role in this redistribution. As epitope-tagged Rab23 localizes to the plasma membrane and early endosomes and GFP-tagged Rab23 colocalizes with epitope-tagged Ptch in vesicles of transfected BHK-21 cells (Evans et al., 2003) , it seemed likely that Rab23 might control the subcellular localization of either Ptch, Smo, or both proteins. Because repression of the Hedgehog pathway by Ptch is mediated through its antagonism of Smo (Zhang et al., 2001) , we reasoned that if Rab23 were to regulate the activity of either Ptch or Smo, loss of Rab23 would have no effect in the absence of Smo.
To test whether Rab23 regulates the activity of Ptch or Smo, we analyzed the phenotypes of Rab23 Smo double mutant embryos (Fig. 6 ). The phenotype of Smo single mutants is more severe than that of Shh mutants because Smo mediates signaling by both Shh and Indian Hedgehog (Ihh) early in development (Zhang et al., 2001) . Smo mutants arrest at e9.0 -10.0 without completing embryonic turning, have a closed neural tube, unlooped heart, and are smaller than their wild-type siblings. Like Shh mutants, Smo embryos fail to specify ventral neural cell types such as motor neurons, ventral interneuron progenitors, and floor plate (Fig. 6B , Caspary et al., 2002; Wijgerde et al., 2002) . In contrast, Rab23 mutants at the same stage are exencephalic, have completed turning, and have a ventralized spinal cord (Fig. 6A , Eggenschwiler and Anderson, 2000) . The heart tube of Rab23 mutants is looped, although the direction of looping is reversed in¨30% of the cases (J.T.E., unpublished data). The external morphology of e9.5 Rab23 Smo double mutants was similar to that of Rab23 single mutants. The double mutants completed turning and had an open cephalic neural tube. The heart tube had undergone looping in the double mutants and, as in Rab23 single mutants, the direction of looping was reversed in some embryos ( Fig. 6A ; data not shown). The patterning of cell types in the spinal cord of Rab23 Smo double mutants was similar to that of Rab23 single mutants (Fig. 6B) . Although the Rab23 Smo double mutants lack the most ventral cell type, the floor plate, all other Shh-dependent ventral cell types, including motor neurons (marked by expression of HB9) and V3 interneuron progenitors (marked by expression of Nkx2.2), were specified in Rab23 Smo double mutants at both lumbar and thoracic axial levels, in contrast to the absence of those cell types in Smo mutants. Pax6, a marker of lateral neural progenitors, is expressed across the ventral midline in Smo mutants, but was expressed only in dorsal cells in Rab23 mutants and Rab23 Smo double mutants. Dbx1, a marker of the lateral V0 interneuron progenitors, was not expressed in Smo mutants but was expressed in both Rab23 and Rab23 Smo double mutants. These results show that removal of Rab23 activates the Hh signaling pathway even in the absence of Smo. Because Smo is required for all Hedgehog signaling events, the loss of Rab23 must cause activation of the pathway by directly or indirectly controlling a step downstream of Smo.
Discussion
Rab23 regulates the activities of Gli2 and Gli3
Gli2 and Gli3 mediate most, if not all, Hh signaling in the neural tube (Bai et al., 2004; Lei et al., 2004; Matise et al., 1998; Motoyama et al., 2003; Persson et al., 2002) . In response to Hh signaling, the data indicate that full-length Gli2 protein is modified to become a transcriptional activator and processing of Gli3 to the transcriptional repressor form is blocked.
The experiments presented here indicate that wild-type Rab23 inhibits the formation of activator Gli2, and that the inappropriate activation of Gli2 is responsible for most aspects of the Rab23 mutant phenotype. Neural patterning in Rab23 Gli2 double mutants is very similar to that in Gli2 single mutants, indicating that the expansion of ventral cell types observed in Rab23 mutants is caused by increased activity of Gli2. The expression level of Gli2, assayed by in situ hybridization, was similar in wild-type and Rab23 mutant embryos, although the domain of expression was shifted dorsally in Rab23 mutants (data not shown), consistent with the general ventralization of cell fates in the mutants. Thus, the increased activity of Gli2 seen in Rab23 mutants must be due to increased Gli2 protein activity.
The dependence of the Rab23 phenotype on Gli2 is particularly clear in Rab23 mutants that have only a single copy of Gli2 (Gli2+/À), where several aspects of the Rab23 phenotype are rescued. Because reduction of Gli2 dosage by half in a wild-type background has no effect on embryonic development, the results suggest that more Gli2 is activated in Rab23 mutants than in wild type, so that the precise Gli2 dosage in the Rab23 mutant cell becomes important in determining the activity of the pathway.
The function of Gli2 outside the ventral cell types that are missing in Gli2 mutants (floor plate and V3 progenitors) has been controversial. The Gli2 Gli3 double mutant phenotype has been interpreted to mean either that Gli2 and Gli3 have overlapping functions in the activation of motor neuron fates (Motoyama et al., 2003) or that Gli2 is not required for the initial specification of motor neurons (Bai et al., 2004; Lei et al., 2004) . As demonstrated here, the expanded domain of motor neurons present in Rab23 mutants, as well as the dorsal shift in the Pax6 and Pax7 expression domains, depends on the presence of Gli2. Because Rab23 acts cell autonomously (Eggenschwiler and Anderson, 2000) , the data argue that the Rab23 phenotype depends on the presence of Gli2 for ventralization of cell identities along the entire dorsal -ventral axis of the neural tube.
The rescue of the early lethality of Rab23 in the Rab23 Gli2 mutants, along with the similarities of the Gli2 and Rab23 Gli2 mutant phenotypes, argues that the function of Rab23 is in large part dedicated to Gli2-dependent Hh signaling events. If Rab23 were to regulate other developmental signaling pathways, such as the Wnt, Notch, Ras, or TGF-h pathways, then it is likely that the surviving e18.5 Rab23 Gli2 mutants would show additional phenotypes associated with those pathways. Therefore, the principal function of Rab23 in the wild-type embryo is to keep Gli2 inactive in the absence of the Hh signal.
There are, however, some differences in the phenotypes of Gli2 and Rab23 Gli2 mutants that indicate that Rab23 must also act, in part, through Gli2-independent mechanisms. Most clearly, Rab23 Gli2 double mutants are polydactylous, like Rab23 and unlike Gli2 single mutants. Because loss of Gli3 causes polydactyly, the decreased amount of the processed repressor form of Gli3 in Rab23 mutants could account for this Gli2-independent aspect of the Rab23 phenotype. In addition, some data suggest that Rab23 may have a minor effect on Gli3 activator function. We observed fewer Nkx2.2-positive V3 progenitors in the neural tube of Rab23 Gli2 double mutants than in Gli2 single mutants (Fig. 1) , which Rab23À/ÀSmoÀ/À (Rab23 Smo) double mutants were considerably larger than Smo single mutants and they completed embryonic turning. The hearts of the double mutants completed looping, although heart looping was occasionally reversed in these mutants. (B) Immunofluorescent (a -t) and in situ hybridization (u -x) staining of e9.5 wild-type (a, e, i, m, q, u), Rab23 mutant (b, f, j, n, r, v), Smo mutant (c, g, k, o, s, w) , and Rab23 Smo double mutant (d, h, l, p, t, x) posterior neural tube sections for Pax6 (a -d), HB9 (e -h), Nkx2.2 (i -l), FoxA2 (m -p), Shh (q -t), and Dbx1 (u -x). Pax6 expression expanded across the ventral midline of Smo mutants but was restricted to dorsal regions of the neural tube in both Rab23 and Rab23 Smo mutants. Motor neurons, marked by HB9 expression, were not specified in Smo mutants and were specified in a dorsally expanded domain in Rab23 mutants. Motor neurons and V3 interneuron progenitors, marked by HB9 and Nkx2.2 expression, respectively, were specified in Rab23 Smo double mutants as opposed to Smo single mutants. Expression of the lateral marker Dbx1 was shifted to the dorsal regions of the Rab23 mutant and was absent in Smo mutants. Expression of this marker was restored in Rab23 Smo mutants and was found in lateral regions of the neural tube. Scale bars: 300 Am in part A and 40 Am in part B.
would be consistent with a partial loss of Gli3-activator function in Rab23 mutants.
Although we found that the amount of Gli3 repressor is decreased in Rab23 mutants (Fig. 5) (Eggenschwiler and Anderson, 2000) . We therefore favor the possibility that specification of the floor plate requires early activity of the Hh pathway, which depends on either Shh or Ihh, that is not activated by the absence of Rab23.
Because Smo acts downstream of Ptch, Rab23 must also act downstream of Ptch. This does not imply that trafficking of Ptch and Smo is not regulated by Rab proteins; in fact, in Drosophila cells, internalization of Smo appears to depend on Rab5 function (Zhu et al., 2003 ). Our results demonstrate that an additional vesicle trafficking step is required for steps in the signaling pathway downstream of Smo and upstream of Gli2.
Vertebrate-specific components of Hedgehog signal transduction
In Drosophila, the Cos2 -Fused -Sufu complex, Protein Kinase A, and the E3 ligase Slimb are known to act between Smo and the transcription factor Ci (Ingham and McMahon, 2001) . In vertebrates, a set of proteins has been defined recently that act at a similar step in the Hh signaling pathway. In addition to Rab23, IFT proteins, the coiled-coil protein Iguana (Igu), and FKBP8 (a member of the FK506-binding protein family) are all required for normal Hh activity in vertebrates and like Rab23, act at steps between Smo and Gli (Bulgakov et al., 2004; Huangfu et al., 2003; Sekimizu et al., 2004; Wolff et al., 2004; Liu et al., 2005; Huangfu and Anderson, 2005; A. Cho and J.T.E., unpublished) . Mouse mutants lacking SIL also exhibit defects in Hh signaling in a Patched1-independent manner (Izraeli et al., 2001 ), but it is unknown where SIL functions in the pathway with respect to Smoothened and Gli function. Mutations in Drosophila IFT homologues have phenotypes unrelated to Hh signaling (Avidor-Reiss et al., 2004; Han et al., 2003; Ray et al., 1999) and mutations in Drosophila Rab23, Igu, and FKBP8 homologues have not been uncovered in the extensive mutagenesis screens for Drosophila Hedgehog signaling components. Although epitope-tagged Rab23 localizes to the plasma membrane in both mammalian and Drosophila cells (J.T.E. and K.V.A, unpublished), Drosophila lacking Rab23 function appear to be phenotypically normal (J. Sierra and I. Guererro, personal communication), suggesting that Rab23 is not required to regulate the Hedgehog pathway in this species. We propose that Rab23, IFT proteins, Igu, FKBP8, and SIL all act in novel processes required for vertebrate Hh signaling that are not required for Drosophila Hh signaling.
The genetic analysis indicates that Rab23 affects a step in the Shh signaling pathway that is downstream of Smo, and upstream of, or in parallel with, IFT proteins (Huangfu et al., 2003) , and upstream of Gli proteins. At present, there are no known membrane-associated components that would be obvious targets of Rab23. Because most active Rab23 localizes to the plasma membrane, where active Smo is localized (Evans et al., 2003 ; J.T.E., J.Q. and K.V.A, unpublished data), we suggest that Rab23 regulates trafficking of a factor that mediates the effects of Smo on Gli activation and processing. Loss of Rab23 would change the subcellular localization of this factor, eventually leading to activation of Gli2. One molecule that could be regulated by Rab23 is the kinesin-related protein Costal2, which represses the pathway at a step between Smoothened and Ci in Drosophila. Drosophila Costal2 is associated with intracellular vesicles (Stegman et al., 2004) , but it is unclear whether the recently identified zebrafish and mammalian homologues of Costal 2 (Tay et al., 2005) are also membrane-associated. The factor regulated by Rab23 could also be one of the newly identified Hh pathway components (IFT proteins, Igu or FKBP8) or a vertebrate-specific component of the pathway that has yet to be characterized. This work was supported by NIH grant NS44385 to KVA, and by grants from the Children's Brain Tumor Foundation and the March of Dimes (#5-FY03-156) to JTE.
